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SYNOPSIS

The propagating radical inthe emulsion polymerization reaction of butyl acrylate was
detected by Yilectron Paramagnetic Resonance (FPR) spects oscopy using two spin tiapping
agents, 2-methyl-2, 2-nitrosopropane (MN}’) and a-(4 -pyridyl 1-oxide)-N-tert-b utylnitrone
(PyOBN). Through analysis of hyperfine structure of the spectra obtained from the trapped
radicals, the propagating radical is inferred to be the well known acrylate radical, - [CH, -
CH(COOC )], - (:112 -C1I(COOC,11,) -
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INTRODUCTION

Sine.c its development during World War 1 1, the emulsion polymerization process* has
become popular as a convenient method for the productionof acrylic polymers, The
process is commonly carried out inan emulsion of two phases, an agueous phase and a non-
aqueous phase. Compared to bulk processes, the. emulsion polymerization process has
advantages such as safety of the. agueous reaction medium, fasterrate of polymerization
with good control, production of polymers with higher mole cular weight (by a factor of 1 O)
as well as different molecular weight distiibutions, and excellent yield of final product in a
form suitable for many applications. There arc. two commonly used initiation] techniques
for emulsion polymerization; ;? "reflux method,” in which the. initiating radicals are produced
by a thermally sensitive initiator such as a peroxide or azo compound through external
heating and subsequent refluxing of monomers, and "1edox method,” in which a peroxide
or other oxidizing initiator is used in combination with a reducing agent (aredox couple),
usually without the need for any external heating. in this work, the redox method was used

for initiation of free radical emulsion polymerization,

As a first step toward mechanistic understanding of a free radical polymerization, it is
important to characterize the propagating radical specie(s) involved inthe process. Direct
observation by I'PR spectroscopy of propagating free radicals inemulsion polym crization
has beenreported in the case of methyl methaciylate (M MA), either by a quick freeze

method*® or by in-situ flow cell observations.”*

Initially we made an attempt to observe. the
propagating radical for the emulsion polymerization of n-butylacrylate (BA) with a quick
freeze method (to 77°K, on the. time scale of ~3secc.). lowever, it appears that under
reaction conditions normally used for polymerization, the lifetime of BA propagating radical
is too short to allow quenching by freezing before essentially complete. termination has
occurred, or else. the instantaneous radical concenti ation is extremely low, We estimate that
the detection limit for poly(n-butylacrylate) (PBA) propagating radicals in the freezing
experiment was roughly 10”"M. Rough estimation of the concentration of PBA propagating
radicals based on the relative values of the propagationrate constant for BA and MMA,

and the concentration of poly(methylmethacrylate) ('MMA) propagating, radicals observed
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in emulsion polymerization, is consistent with the concentration of the. PBA propagating
radicals being near or below our detection limit. As an alternative approach, a spin-trapping
technique was employed for observing the propagating radicals.

In the spin trapping technique,™™

short-lived radicals are reacted with appropriate trapping
agents and converted to relatively stable. nitroxide radicals (spin adducts). The structure of
the trapped radical can be deduced from the analysis of PR spectrum of the spin adduct,
and at least some structural information is usually obtained. There are. two types of trapping
agents which are most frequently used: n itroso and nitrone compounds. Such spin trapping
agents have been reported in the literature for characterization of propagating radicals in
radical polymerization reactions, such as in polymerization of styrene, *| vinyl monomers'*?
such as methyl acrylate, ethyl acrylate and MMA, and dialkyl fumarates.!* in this work two
spin traps, 2-methyl-2-nitrosopropane (MNP) and «-(4 -pyridyl 1 -oxide )-N-tert-butylnitrone
(PyOBN), were used for the detection of propagating radicals in the. emulsion
polymerization of BA.

EFXPERIMENTAL.

Chemicals Spin traps used in the experiments, MNP (dimer), PyOBN, and other chemicals
such as detergents, Triton X-100, sodium dodecyl sulfate, andredox initiators, sodium
persulfate (Na,S,04) and sodium bisulfite (Nal 1S0,), were purchased from Aldrich
Chemical Co. BA and methacrylic acid were obtained from Rohm and llaas Co. All

chemicals were used as received.

Emulsion Polymerization Procedure for the emulsion polymerization (batch operation) was

adapted from a publication of Rohm andHaas,”"Emulsion Polymerization of Acrylic
Monomers,” and also from Spada et ail’(Column 17, example 1): The monomer premixture
was prepared by mixing butyl acrylate (98.5 wt%) and methacrylic acid (1.5 wt%).
Deionized water and the monomer pre.mixture were deoxygenated by bubbling N,gas
overnight before use. in a round bottom flask (1000 ml), deionized water (80 ml),

surfactants, non-ionic detergent (Iriton X-100, 5 g) and ionic detergent (sodium dodecyl
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sulfate, 0.35 g), and small amount of monomer premixture (10 ml) were added with
mechanical stirring, During the polymerization, the reaction flask was maintained under N,
atmosphere through bubbling. After stirring for 30 min., monomer premixture (130 ml)
was added dropwise over a 30 min. period. Aqueous solutions of initiators, Na,S,0, (1.4

0/15 ml) and NaHSO, (0.6 g/5 ml), were added one after the other over a 10 min. period.

The spin trap solutions were prepared in deoxygenated water prior to use. In the case. of
MN]’, the dimer was dissolved in pre-deoxygenated water (-0.25 g/50 ml) in an Erlenmeyer
flask (12.5 ml). The flask was briefly flushed with N,gas and stoppered. The solution was
stirred overnight by a magnetic stirrer at room temperature in the dark to achieve MNP
monomer-dimer equilibrium. The other spin trap, PyOBN, was dissolved in deoxygenated
water (~0.4 g/25 ml) just before. use.

About 15-30 min. after the addition of catalyst solutions, the reaction temperature started
to rise. and finally to 60~90°C. For the spin trapping experiments, the aqueous solution of
spin trapping agent was addedto the reaction flask when the temperature rose. to ~45°C.
The final concentrations of the spin traps used for trapping propagating radicals in the
emulsion polymerization were -0.005 M for MNP and 0.008 M for PyOBN. After the
addition of spin traps, thetemperature started to decrease and reached room temperature
in -30 min. The first sample. was taken 5 min. after addition of the spin trap, and additional
samples were taken in 3-5 min. intervals to a total of 10 samples. This was clone to detect
possible changes in the degree of polymerization of the spin adducts as can be reflected in
the hyperfine coupling constants or the mobility of the spin adducts.

For trapping initiating radicals, the initiator solutions, Na,S,O4 anti Nall1SO,, were added
to the spin trap solution one after the. other with shaking.

EPR Experiments A commercial EPR spectrometer (Bruker ESP 300) operating at X-band

frequency (9.5 Gl1z) and employing 100 kllz field modulation was used, The spectrometer
is equipped with a digital spectral manipulation capability.



The emulsion was sampled in pyrex capillary tubings (0.75 mm 1D x 1.0 mm O x 100 mm
L.ength, Glass Company of America, Bargain town, NJ.) to a height of -2 cm, and bottom
ends were sealed with vacuum grease (Apiezon N). Samples of 7 capillaries (total sample
volume of 65u1) were then placed in a standard fused silica EPR sample tube (4 mm OD
x 3mmID x 250 mm Long, Wilmad Glass Co., Buena, NJ. ) and analyzed in the microwave
cavity (TE,, mode) at room temperature. Each spectrum was obtained with a microwave
power of 49 mW, field modulation amplitude of 0.1 -0.5 Gauss. A microwave frequency
counter (P 5342A) and a proton NMR gaussmeter were used.

RESULTS AND DISCUSSION
In the aqueous redox polymerization reactions'® with persulfate initiator (Na,S,04) and an
activator (NaHSO,), the initiation reaction produces radical ions such as sulfate, . SO, and

sulfonate,. SO;. Depending on the pH of the solution, the sulfate radical can further react
with water to produce hydroxyl radicals, @ Ol I.

.S0,+ 1,0 ——+ HSO, + .OH (1)

[-he initiator-derived radicals then react with acrylate monomers to produce the initial
propagating radicals for polymerization:

CH,= CH -t Y ----- Y -Cl,-CH Secondary radical )
(‘:oox (13C10X
1
oCH,-CH-Y Primary radical (3)
éoox
2

in which X =C H,,,,, Y =.50,,.50;. Depending on the degree of polymerization and

the mode of addition of monomer, the propagating radicals could take the following forms:



Y - (- CH,-CH -),- CH, - CH
| |
COOX Coox

3

*CH,-CH-(-CH,-CH )" - Y
| |
COOX COOX

The presence of end groups, Y, was studied by Ghosh et al'® in the aqucous redox
polymerization of MMA by a dye partition technique. They found that onthe average 1.7-

2.0 such end groups pcr polymer chain. in general, the secondary radicals, 1 and 3, are more
stable than the primary radicals, 2 and 4.

The EPR spectra of the spin adducts from our experiments are shown in Fig. 1. For both
spin traps, two set of experiments were carried out; one. for reaction with the initiator
solution only to trap possible initial radicals such as .SO,,.SO;, or . OH, and used as a
control, and the second for the reaction with propagating radicals when the spin trap is
mixed with the polymerizing BA latex. The latexes treated with spin trap were sampled at
different times (10 samples) and studied to see any changes in hyperfine coupling or
mobility of the adduct due to continuing polymerization. }lowever, all samples of the same
spin trap showed similar EPR spectra without any detectable change,.

O
]o

(CH); C- N=0O+R~»I(H) ¢ NR (4)

in which R = .SO,,.S0O,, e 011. or stiuctures1, 2. 3. 4. Measured hyperf{ine coupling




constants for nitrogen, ay and B-hydrogen,ay;, of the observed spin adducts are listed in
Table I. The measured values are in good agreement with the literature values**"*'"**listed

in ‘I'able 11, and thus the assignments were made as shown in Table 1.

The angular dependence of B-hydrogen coupling constant, ag,, can be expressed by the
11Icller-McConnell equation:'**

agn = (By +B, cos’y) py ®)

in which B, = O, B, = 50, py = 0.37 and §,, is the dihedral angle between the plane
containing the C-N p-orbital andthe plane of N-C B-hydrogen. The value. of 8,; reflects the.
differences in the stereoelectronic characteristics of the adducts, and is listed in Table 1 for
comparison.

It seems there was no hydroxyl radical detectable from the acidic initiator solution. “I’he
samples of MNP -t 13A latex show a composite EPR spectrum, consisting of the overlap of
a narrow linewidth spectrum observed from the initiator solution with a broader spectrum
from the BA oligomer-polymer adducts, 1 and 3. The other radicals, 2 and 4, were not
observed, as indicated by the absence of triplet hyperfine splitting from two B-hydrogens of
the. CHl, group.'®* This is in agreement with results of other acrylates reported in the
literature.’”® The broadening of the spectrum of the spin adduct observed from the BA
latex could be due to a combination of unresolved hyperfine interactions with hydrogen
atoms in the BA propagating radical and also the slower motion of the nitroxide due to
increased molecular weight of the adducts. When wc compared the samples collected at
different sampling times, e.g., the first and the last one, there was no detectable. change in
the. spectral lineshape. It seems the polymerization process essentially ended when the
MNP solution was introduced to the emulsion mixture; the spin trap acted as an effective
terminator.

PyOBN The EPR spectra of spin adducts of nitrones show triplets of doublets with a

relatively small variations of the doublet splittings, ag,;, as a function of structure of the




trapped radicals."' In this case, the (?-hydrogen is from the nitrone molecule and not from
the adducts as shown below:

@)

/ ~ : t 7~ 9
O - NQ CH=N-C(CH); 4+ R—»> O- N@ CH - N - C (CH,), (6)

R

Compared with the nitroso compounds, the nitrones are more indirect in the identification
of radicals, since usually there is no additional hyperfine structure due to the trapped
radical. With the nitrone spin adducts, small changes in the steric or electronic character
of the trapped radical R give rise to delectable variations in the value of ag;, which can be
utilized to provide information about the chemical structure. of the trapped radicals. In
Table 111, the measured hyperfine coupling constants from these experiments are compared
with the literature values”? to aid the assignment. The spin adducts from the initiator
solution show hyperfine coupling constants which are similar to the ones listed in the
literature?* for the trapped radicals of .SO,. llowever, when it was scanned with lower
modulation amplitude (O. 1 G), the spectrum showedextra triplet splittings in each of the
doublets as shown in Fig. 1. Expanded spectra of the triplets are shown in Fig. 2. The
splitting of 0.32 G is typical of y-hydiogen splittings observed in the trapping of . OH
radicals by PyOBN (See Table 111). It is speculated” that the . SO, radicals in acidic
conditions (p}l -2) react with the PyOBN by hydrogen abstraction to createradical S:

O C}I

O
o - N@-CI]-~ N - C(CH,), — --- = 0- .CH= N ( Cl,»  (7)
\" % NO >

II

Spin adducts formed by subsequent trapping of radical 5 by another PyOBN molecule will
show triplet splittings due to two y-hydrogens present in the radical.




The spin adducts from BA latex show a rather large value for ag,;, 3.44 G, which
corresponds to 8y = 64.45°. The smaller value of 8,,, thus the large ag; is possibly due to
the bulky oligomer-polymer BA chain. In the PyOBN case aso, the 10 samples of different
sampling times showed no detectable change. The EPR spectra showed an overlap of broad

background signal, probably clue to the. spin adducts of high molecular weight oligomer-
polymers, 3.

The propagating radicals of acrylates, including 13A, were detected by EPR without the aid
of spin-trapping agents by Harris et al® in their polymerization experiment with ferric
chloride-photosensitized UV irradiation reactions in alcohol glasses at low temperatures,
-180- -160°C. However, it should be noted that their conditions are far from those used
in normal polymerizations. From their EPR study, they concluded that one type of

propagating radical was formed in their experiments for the acrylates studicd, namely;

HO - CH, - (- CH,- CH - ), - CH, - CH
\

COOX COOX

In the emulsion polymerization of MMA, Ballard et al** detected radicals and
Westmoreland et al*® reported a nine-line EPR spectrum which has been assigned to the
PMMA propagating radical, 6.

CH, CH,

l |

Y - ( CIIZ - C ‘)n - C}Iz - C.
|

\
coocCH,  COOCH,

6

At temperatures below the glass transition temperature, T,, of PMMA, the radical had a
relatively long life time, however at temperatures near ', the radical decayed rapidly by a

second-order process®. In the case of PBA, the established T, is 219°K, much lower than




that of PMMA (378°K).”* At the peak emulsion polymerization temperature of 60~90°C,
the solution is above T,, and by extrapolation from the PMMA case, one can expect the life
time. of the PBA propagating radical to be short (<< 1 sec.). In addition to the differences
in 'Y, the PBA propagating radical is a secondary radical which is intrinsically less stable
than the tertiary radical of the PMMA.

An attempt was made to use PMMA beads (0.1 -0.2 mm dia) as seeds after swelling with
BA. The idea was to capture the short lived BA radicals in a higher T, PMMA matrices.
However, when the reaction mixture of PMMA beads/13A emulsion was sampled in a teflon-
polyethylene pipette and quickly frozen in liquid N,, the frozen samples did not show any
radicals. One of the reasons could be due to the. failure in making a homogeneous
suspension of the beads, because precipitation and coagulation of the PMMA beads and
separation from the reaction mixture were. often observed. It seems that the size of the
PMMA beads used in the experiments was too large to be used as seeds (< 500nm)in the

emu Ision su spension.>$
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Table |. Summary of measured hyperfine coupling constants for nitrogen, a,, p-hydrogen, ag,,
y-hydrogen, a,,,, and g values.

Sample ay aam A g assignment
MN]’ + Initiator 14.69 - 2.0056 . SO,,. SO,
MNP -t BA Latex 14.08 G 2.65 (i 2,0061 1,3
PyOBN + Initiator 1462 G 153G 032G 2.0059 5

PyOBN + BA lLatex 15,52 G 344 <i 2.0057 1,3




wd

Table 11.

/2-hydrogen, ag,, y-hydrogen, a,y,,'and dihedral angle, 8y,.

Spin Adducts of MNP: Comparison Of hyperfine coupling constants for nitrogen, ay,

Radical Adducts

ay ag ay 0y Comments
SO,,. SO, 1468 G - Madden d al (191)
Ref. 17
14.69 G - This work
o 011 26.43 G 0.23 G Maxkden of d (191)
Ref. 17
Methyl Acrylate 1396 24G 68.9° Sato and Otsu
1, X = CIl, (1977) Ref. 12
13 144G 27G Sahact a (1992)
Ref. 13
| ithyl Acrylate
1, X = Gl 138G 25G 68.4° Salo & Otsu (1977)
Ref. 12
Butyl Acrylate 14.08 G 265G 67.8° This Work
1,3 X = CJI,
Methy 149G Sato & Otsu (1977
Mcthacrylate Ref. 12
Alkyl Radicals S T )
c113Cl 1,0 1565 G 10,44 G 030G Rosenthal et al
(1982) Ref. 18
C1,C1L,Cl,® 1530 G 10,30 G 0.53 G
[
cr111011 1453 G 228 G -
CH,CILCHON 14.25G 200 G -
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‘'ableNll.  Spin Adducts of PyOBN: Comparison of hyperfine coupling constants for
nitrogen, ay, and /?-hydrogen, agy,;, y-hydrogen, a,,;, and dihedral angle, 0.

Spin Adducts ay ag1 ay o Comments
.80, 14.16 G 156G pl1=2-6
(Na,S,0,) Janzen ctal (1978)
Ref. 22
14.96 G 141G pHH =78
Janzen ct al (1978)
Ref. 22
s 1462 G 153G 0.32G ‘I"his Work
pl] =2
.01l 149G 1.6G 03G | canstic ot @l (1986)
(WO, in 11,0) Ref. 23
(Na,S,04) 1497 G 1.68 G 0.36 G Janzen et a (1978)
15.03G 167G 0.36 G 72.52° Ref. 22 and 23
150G 177G | ingho d al (1991
Ref. 25
Butyl Acrylate 1552 G 344 G 64.4s’ This Work

Alkyl Radical's (agueous sol utions)

((‘,113)26‘,0] I 156 G 26G 67.98" Yaraggi ot al (1984)
® Ref. 26
CH,Cl 0N 156G 25G 1 ingho d a (191)
Ref. 2s
o C113 1591 G 2,75 G Maillard et al
(1979) Ref. 27
+CI1,CH,011 1575 G 275G
.CI1(Cl 1), 1583 G 216 G
. CglI5 (phenyl) 154 G 316G Iwahashi ct al
(1992) Ref.28
2-chlorophenyl 153G 42G
2-bromophenyl 152G 43G
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CAPTIONS FOR FIGURES

Fig. 1. EPR spectra of MNP and PyOBN spin adducts at 20°C.

Fig. 2. Expanded scan showing details of the triplet splitting of the spin adduct
EPR spectrum obtained from PyOBN + initiator solution.
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